We analyzed an isolate of fungus that seems to be a new type orchid mycorrhizal fungus, "KMI (refers to Kyoto-Matsubara-Ishii)", obtained from the roots of Paphiopedilum thailandense Fowl. KMI has hyphal branching into right angle similar to Rhizoctonia-like fungi, but its spore formation resembled Nectoria, which is known as a teleomorph of Fusarium rather than Rhizoctonia. Its ribosomal DNA sequences of 18S and ITS have no similarity with any known fungal species. Proteins in molecular weight of 53 and 24 kDa, which are common to mycorrhizal fungi, were detected in KMI. When KMI was inoculated onto orchids, however it didn't form pelotons or coils, but the hyphae in the root tissues were observed and the tissues were not decayed. No significant symptoms of Rhizoctonia or Fusarium disease, however, were developed on tomato and cucumber plants. The evidences suggest that KMI is a new type of orchid mycorrhizal fungus.
Introduction
It is known that orchid mycorrhizal fungi contribute to orchid seed germination, and generally colonize the root tissues near from the surface of adult orchid plant roots. Bernard [1] observed Rhizoctonia repens (teleomorph: Tulasnella deliquescens) in roots of Goodyera repens. Rhizoctonia-like orchid mycorrhizal fungi can be classified into Thanatephorus (=Corticium), Ceratobasidium, Ypsilonidium, Sebacina, Tulasnella and other groups based on the morphology of their teleomorph [2] . They can be distinguished from other fungi by their hyphal branching at right angle and the septa forming near the branching point.
Fungal species, which can make orchid mycorrhiza, are not only Rhizoctonia-like species. Kusano [3] discovered that Armillaria mellea can have symbiotic relation with Gastrodia elata. It turned out that not only G. elata but Galeola septentrionalis [4] and Gastrodia cunninghamii [5] are A. mellea's host. These 3 species of orchids, which have no chlorophyll, are all depending on the fungi for nutrients.
In this study, we aimed to identify an isolate that will be a new type orchid mycorrhizal fungus obtained from Paphiopedilum thailandense roots.
Materials and Methods

Isolation of KMI
Roots of P. thailandense obtained from Kyoto Prefectural Botanical Garden were cut 3 cm from the apex, and were surface-sterilized for 12 minutes in antibiotic solution (700 ppm chloramines-T, 5.6 ppm streptomycin and 2.1 ppm chloramphenicol). Then, they were homogenized by a glass mortar and pestle in a clean bench, placed on potato dextrose agar media (PDA; Eiken Chemical Co., LTD.), and incubated in dark at 25˚C for 3 days.
Microscopic Examination of KMI
In a clean bench, a small volume of 20% potato dextrose media was dropped on glass slide with two holes. The slide was placed in a 9 cm plastic Petri dish, then hyphae of KMI were added. The slide was covered with a cover glass before observing fungal growth under the optical microscopy (×400) after the same incubation as mentioned above. media and incubated in 25˚C for 3 days.
DNA was isolated from the mycelium of KMI dried with liquid nitrogen using the DNAeasy Plant Mini Kit (Qiagen, Tokyo, Japan) according to the manufacturer's instructions.
The DNA solution was used as the template for PCR. The oligonucleotide primers used for 18S rDNA partial sequence specific PCR were NS1: 5'-GTAGTCATA-TGCTTGTCTC-3', NS4: 5'-CTTCCGTCAATTCCTTT-AAG-3', and ITS rDNA specific PCR were ITS4: TC-CTCCGCTTATTGATATGC-3', ITS5: 5'-GGAAGTA-AAAGTCGTAACAAGG-3' [6] made by Proligo (Japan). The reaction mixture consisted of 1 μl of template solution, 2.5 μl of each primer (2 pmol), KOD Dash (2.5 U/μl, TOYOBO) as taq polymerase, 5 μl of dNTPs (2 mM dATP, dGTP, dCTP, dTTP each, TOYOBO) and 5 μl of 10 × reaction buffer (TOYOBO). Sterilized distilled water was added to increase the volume to 50 μl.
The PCR cycling conditions were one cycle of 94˚C for 3 min, 30 cycles of 94˚C for 30 sec, 50˚C for 2 sec, and 74˚C and 30 sec, and final extension step at 20˚C for 3 min.
The PCR products were purified by GENECLEAN Kit (Q-BIOgene) according to the manufacture's instruction. Purified PCR products were used in sequencing reactions with the same primers using a BigDye Terminator v3.0 Cycle Sequencing Kit (Applied Biosystems). Sequencing was performed on Genetic Analyzer 310 (Applied Biosystems).
Sequences were searched on the nucleotide sequence database using BLAST program (http://www.ebi.ac.uk/ blastall/). Then, phylogenic analysis was conducted by using ClustalW (http://clustalw.ddbj.nig.ac.jp/top-j.html) and TreeView (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html).
Extraction and Purification of Proteins
It is known that arbuscular mycorrhizal fungi (AMF) contain proteins where molecular weights are 53 and 24 kDa [7] . To check whether identified orchid mycorrhizal fungi and KMI have those proteins, a modified procedure of Shannon et al. [8] was used to extract and partially purify proteins from KMI, AMF such as Glomus clarum, and 3 identified orchid mycorrhizal fungi such as Screrotium tulipalum (NBRC 6168), Thanatephorus cucumeris (NBRC 101554) and Rhizoctonia candida (NBRC 7033). Each fungus were homogenized with 0.05 M Tris buffer, pH 7.5, containing 0.05 M NaCl by a mortar and pestle. The homogenates were filtered through cheesecloth, and ammonium sulfate was added to 35% saturation.
After standing overnight at 4˚C, the liquid was centrifuged at 8000 g for 30 min. The supernatant liquid was made up to 95% ammonium sulfate saturation. After standing overnight at 4˚C, the liquid was centrifuged. The residues were dissolved in 2 ml of 0.005 M Tris buffer, pH 7.0. After centrifugation, the supernatant liquid was dialyzed against 0.005 M Tris buffer, pH 8.0, containing 0.1 M KCl. The dialyzate was centrifuged. The supernatant liquid was used as protein samples.
SDS-PAGE of Protein
SDS-PAGE was carried out to the methods of Laemmli [9] in order to check whether known orchid mycorrhizal fungi and KMI contain proteins with molecular weights of 53 and 24 kDa.
Each protein samples from KMI, G. clarum, S. tulipalum, T. cucumeris and R. candida were analysed. After the SDS-PAGE, bands on the gel were analyzed by the iMeasureScan software (iMeasure Inc.).
Inoculation of KMI in Plants
In order to confirm that KMI is a mycorrhizal fungus, it was inoculated on several kinds of orchids. Because P. thailandense, the host of KMI is one of rare species that can not be propagated easily and both of its seeds and plants were unavailable, mericlone cultured plants of two kinds of Phalaenopsis (code: PATO79 "Memorial Day" and code: PATOB1 "Ice Lady"), which have resemblance of morphologic characteristics and Miltonia (code: M203 ENZAN LADY "Stork Feather") were used for the experiment (These orchids were obtained from Mukoyama Orchids Co., Ltd.).
Eighty ml of IH base media [10] were poured into 800 ml jars. After the media were solidified, one orchid plant was transplanted in each jar. Half of them were inoculated with 5 ml of KMI cultural solution (cultured by 20% potato dextrose liquid media for 3 days in 25˚C). After incubated at 28˚C for a week, some of their roots were cut and stained using the method of Phillips and Hayman [11] and observed by using a light microscope.
To check whether KMI is pathogenic or not to vegetables which are sensitive to Rhizoctonia and Fusarium, 5 plants each of tomato (Solanum lycopersicum L.) and cucumber (Cucumis sativus L.) were inoculated with KMI. That is, their seeds were sown in sterilized vermiculite. A month after their germination, the plants were individually transplanted into plastic pots with sterilized vermiculite. Each plant received 5 ml of KMI cultural solution, containing the fungus mycelia.
Results
On each PDA plate, KMI formed a white colonie. No other fungal colonies were observed. Diameter of KMI hyphae was ranged from 1.5 to 2.5 μm, and branched to right angle (Figure 1(a) ). It seldom made septa. Its spores were oval shape in size of 2 μm × 4 μm and had two nuclei each (Figure 1(b) ).
KMI had no significant similarity to any reported fungal species in both of 18S rDNA partial sequence:
5 '-CTCATTATATAAGTTATCGTTTATTTGATAG  TACCTTACTACTTGGATAACCGTGGTAATTCTAG  AGCTAATACATGCTAAAAATCCCGACTTTGGAA  GGGATGTATTTATTAGATTAAAAACCAATGCCCT  TCGGGGCTCCTTGGTGATTCATGATAACTCCTCG  AATCGCATGGCCTTGTGCCGGCGATGGTTCATTC  AAATTTCTTCCCTATCAACTTTCGATGTTTGGGT  ATTGGCCAAACATGGTTGCAACGGGTAACGGAG  GGTTAGGGCTCGACCCCGGAGAAGGAGCCTGAG  AAACGGCTACCACATCCAAGGAAGGCAGCAGGC  GCGCANATTACCCAAATCCTAACACGGGGAAGG  TAGTGACAATAAATAAACAATACCGGGCTCATT  GAAGTCTGGTAATTGGAATGAGTACAATCTAAA  TCCCTTAACGAGGATCCATTGGAGGGCAAGTCT  GGTGCCAGCAGCCGCGGTAATTCCAGCTCCAAT  AGCGTATATTAAAGTTGTTTGCAGTTAAAAGCTC  GTAGTTGGACCTTGGGNTGGGTCGATCGGTCCG  CCTCTGGGTGTGCACCGGTCGGCTCGTCCCTTCT  GC- CGAATCTTTGAACGCACATTGCGCCCGCCAGTAT TCTGGCGGGCATGCCTGTTCGAGCGTCATTTCAA CCCTCAAGCCCCCGGGCTTGGTGTTGGGGATCG GCACAAGGCCCCTCGTGGGCCCGCCGTCCCCCA-AATGCAGTGGCGGTCACGTCGCAGCCTTCTATG CGTAGTAGCAACACCTCGCACTGGAGCGCGACG CGGCCACGCCGTAAAACCCCCGACTTTTTTCTGG TTGACCTCGAATCAGGTAGGACTACCCGCTGAA-CTTAAGCATATC-3' (Figure 3) .
Proteins in molecular weights of 53 and 24 kDa were detected in G. clarum, KMI and all of three orchid mycorrhizal fungi (Figure 4) .
The analysis of iMeasureScan software showed the fact that KMI have both molecular weights of proteins.
KMI infected all three types of orchids ( Figure 5 ). Hyphae were observed in tissues near the surface of the roots and they were not decayed. However KMI didn't form pelotons or coils, not only in potato dextrose media but also when inoculated on orchid roots, the morphological characteristics of hyphae branching to right angle and seldom makes septa, were observed (Figure 5(c) ). Although tomato growth was decreased after two weeks from inoculation of KMI, no disease symptoms of Rhizoctonia or Fusarium were observed on both plants of tomato and cucumber ( Table 1 ).
Discussion
KMI has hyphal branching into right angle, which looks similar to Rhizoctonia species, and can infect the surface tissues of orchid roots. Even when the hyphae penetrated into the root tissues, the root cells were not decayed. The evidences show that KMI is an orchid mycorrhizal fungus. Interestingly, when the similarity of 18S rDNA among KMI and Rhizoctonia species was analyzed, Sclerotium rolfsii (one of the Rhizoctonia species) and KMI existed in a same cluster. But the similarity between them was only 88% and the morphological characteristics of KMI spores were different from those of Rhizoctonia [12] . It seems to resemble Nectoria, which is known as a teleomorph of Fusarium rather than Rhizoctonia. In addition, KMI didn't form pelotons or coils in the root cells.
Since some of the Fusarium species are known as endophytes in protocorms or roots of orchid plant and Vujanovic et al. [13] reported that an isolate of such Fusarium stimulated seed germination and protocorm formation in Cypripedium reginae, and suggested the potential of some Fusarium species to have symbiotic relation with orchid plants. But KMI rDNA shows low similarity with known Fusarium species in both 18S (<94%) and ITS (<92%). It seems that KMI doesn't belong among the group of Fusarium.
Fungal sp. ARIZ B394, which had highest similarity (96%) of the ITS sequence of KMI, is reported as an endophyte of tropical tree Cecropia insignis [14] and may help germination of their seeds. Thus, KMI can be a fungal species that can have symbiotic relation with orchid plants. In addition, the fact that the inoculation of KMI on tomatoes and cucumbers did not cause the symptom such as wilt suggested that KMI was not a pathogenic fungus. Proteins in molecular weight of 53 and 24 kDa were common to AMF and orchid mycorrhizal fungi. Because KMI also has proteins in same molecular weights, those can be used for symbiosis. It will be interesting to search the mechanism of symbiosis between orchid plants and KMI.
In this study, we observed formation of mycorrhiza on Phalaenopsis and Miltonia roots, because P. thailandense was so rare that the plants without any infections on their roots were unavailable. The fact that KMI infected these different types of orchids shows that not only P. thailandense but also some other kinds of orchids can be host of KMI.
Since the seeds of P. thailandense were unavailable, it is necessary to check how KMI effects at the germination stage of P. thailandense seeds.
